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The effects of hydrogen plasma treatment on the active layer of top-contact zinc oxide thin film tran-
sistors are reported. The transfer characteristics of the reference devices exhibited large hysteresis
effects and an increasing positive threshold voltage (VTH) shift on repeated measurements. In con-
trast, following the plasma processing, the corresponding characteristics of the transistors exhibited
negligible hysteresis and a very small VTH shift; the devices also possessed higher field effect carrier
mobility values. These results were attributed to the presence of functional groups in the vicinity of
the semiconductor/gate insulator interface, which prevents the formation of an effective channel.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4893470]
I. INTRODUCTION
In order to realize large-volume, flexible electronics,
current research is directed at improving electronic transport
by judicious choice of the semiconductor material, and at
lowering processing temperatures by exploiting lower-cost
manufacturing techniques. As a consequence, the solution
processing of organic compounds, amorphous Si (a-Si), or
ZnO-based semiconductors is all receiving significant atten-
tion. Zinc oxide is emerging as a promising candidate for
thin film transistors (TFTs). There are a number of reasons
for this: the raw materials are cheap and abundant; ZnO is
nontoxic; it has excellent optical transparency; and this semi-
conductor has a high carrier mobility compared with a-Si or
organic semiconductors. Zinc oxide also has the potential for
low temperature processing.1
Currently, devices formed from solution-processed ZnO
show inferior electrical properties and poor stability com-
pared with those based on material deposited by thermal
evaporation. It is widely known that a combination of addi-
tional materials, annealing, or post-deposition processing at
high temperature is effective at improving transistor per-
formance. For example, Kwack and W.-S. Choi2 and Kim
et al.3 have reported solution-processed Zinc tin oxide
(ZTO) TFTs with carrier mobilities of 4.9 and 6.0 cm2/Vs
using a high temperature annealing processes at 300 C and
500 C, respectively. Much research is now focused on post-
deposition processing as part of an effort to keep the temper-
ature below 150 C. Indium zinc oxide (IZO) TFTs have
achieved a mobility of 1.8 cm2/Vs by using high-pressure
annealing (HPA) following thermal annealing at 220 C.4
Similarly, UV light irradiation5 and microwave-assisted
annealing6 have been adopted as useful post-deposition proc-
esses. Various passivation layers have also been used to
reduce the effects of environmental factors, which lead to
poor device stability.7,8
The effects of hydrogen exposure on ZnO thin films de-
posited by sputtering or pulse laser deposition (PLD) have
also been noted.9–11 In many instances, this can result in
improved device performance. It has been reported that the
incorporation of hydrogen in the sputtering gas enhances the
carrier mobility. This is thought to result from an elimination
of weakly-bound oxygen species, such as -CO3, -OH, or
adsorbed O2 on the surface of the films.
12 Hydrogen treat-
ment is already established as an important passivation
process for Si-based transistors, where it is used to reduce
significantly the density of interface traps.13 There are lim-
ited studies on the effects of hydrogen on solution-processed
ZnO thin films and devices. Here, we examine the results of
hydrogen plasma treatment on the electrical behavior of
solution-processed ZnO TFTs. An atmospheric plasma treat-
ment has been used, which should ultimately lead to lower
manufacturing costs.
II. EXPERIMENT
Bottom-gate, top-contact TFT structures were fabricated
as shown in Figure 1. A p-doped Si substrate served as the
gate electrode, while a 100 nm thick layer of SiO2, grown by
thermal oxidation, was used as the gate insulator. Before
coating, the SiO2 surface was treated with an UV ozone
plasma for 5min, which resulted in a hydrophilic surface.
Zinc hydroxide was synthesized from zinc nitrate, Zn(NO3)2
(Duksan, 95%, used without further purification).14
Carbonate-free sodium hydroxide, NaOH, solution was
a)Author to whom correspondence should be addressed. Electronic mail:
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prepared from the supernatant in a saturated NaOH solution.
To synthesize Zn(OH)2, Zn(NO3)2 (49.8 g) was dissolved in
de-ionized water (900ml); it was then mixed with 600ml of
carbonate-free NaOH solution (2.4 M). The clear solution
was placed into an oil bath at 50 C for 120min. The resulting
white precipitate (Zn(OH)2) was filtered, and washed in de-
ionized water three times. Finally, Zn(OH)2 powder was
obtained after further washing the filtered material in metha-
nol and drying at room temperature. The maximum solubility
of our Zn(OH)2 was approximately 5% in ammonia water.
The solution was spin coated onto the Si/SiO2 substrates at
3000 rpm for 30 s, and subsequently baked at 140 C for
30min in air. Following deposition, the films were treated
using an atmospheric cold plasma system (FemtoScience,
AP100) with hydrogen gas for 10, 15, and 30min at an RF
power of 100W. No bias was applied to the samples during
this process. The argon and hydrogen flow rates to generate
the plasma were 5 l/min and 2 sccm (standard cubic centi-
meters per minute), respectively. It was estimated that 30min
exposure to the plasma produced a temperature rise in our thin
films of less than 50 C. Finally, aluminium source (S) and
drain (D) electrodes (80 nm in thickness) were defined by
thermal evaporation through a shadow mask, under a vacuum
of approximately 5 106 mbar; the channel length (L) and
width (W) were 95lm and 1660lm, respectively. Electrical
characterization of the transistors, in air, was undertaken in
the dark using a Keithley 4200-SCS measurement system.
III. RESULTS AND DISCUSSION
Figure 2 shows the transfer characteristics of the ZnO
TFTs as a function of hydrogen plasma treatment time. The
drain-to-source voltage, VDS, was fixed at 50V, while the gate
voltage, VG, was swept from 10V to 70V and then back to
10V at a scan rate of approximately 0.5V/s. In the satura-
tion region, the drain current, IDS(sat), can be expressed by
IDS satð Þ ¼
WCi
2L
l VG  VTHð Þ2; (1)
where Ci is the gate capacitance per unit area, VTH is the
transistor threshold voltage, and l is the field effect mobility.
For the devices shown in Fig. 2, the ratio of the channel
width to length W/L¼ 17.5 and Ci¼ 3.45 108 F/cm2. The
values of l and VTH can be extracted from the slope of the
forward scan and x-intercept, respectively, of a plot of (IDS)
1/2
FIG. 1. Schematic diagram of the bottom-gate, top-contact ZnO TFT
structure.
FIG. 2. Transfer characteristics (IDS-VG curve—full symbols) in the saturation region (VDS¼ 50V) of (a) reference, (b) 10min, (c) 15min, and (d) 30min
plasma treated ZnO TFTs. For each set of data, plots of IDS
1/2 versus VDS are also shown (open symbols).
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versus VG. These plots are shown alongside their respective
transfer curves in Fig. 2.
From the data shown in Fig. 2, the values of VTH and
on/off ratio (the off current is defined as the value of IDS at
VGS¼10V and the on current is defined as the value of
IDS at VGS¼ 70V) for the un-treated ZnO TFTs are 2.1V
(by extrapolating the forward scan of (IDS)
1/2 versus VG) and
107, while the corresponding figures after 15 min of hydro-
gen plasma treatment are 5.1V (also from the forward
scan) and 107. The untreated (reference) ZnO TFT exhibits
a large hysteresis with a significant VTH shift between the
forward and reverse VG scans. Following plasma treatment,
this hysteresis is reduced significantly and the device mobil-
ity is enhanced. For example, the mobility in the saturation
region is increased from 0.5 cm2/Vs to 1.4 cm2/Vs after
hydrogen plasma treatment for 15min, which appears to be
about the optimum exposure time.
Figures 3(a)–3(d) reveal the dependence of the drain-
source current (IDS) on the drain-source voltage (VDS) (output
characteristics) for the ZnO TFTs after different hydrogen
plasma treatment times; VG was varied from 0V to 50V, in
10V increments. All devices show typical n-channel opera-
tion. Good electrical contact between the aluminum S-D elec-
trodes and ZnO is achieved irrespective of hydrogen plasma
treatment time, as evidenced by the linearity at low VDS. In
each case, the value of the channel resistance in the transistor
on state (RDS,ON, VG¼ 50V) is approximately 2 kX. In addi-
tion, ZnO TFTs treated with the hydrogen plasma for 15min
exhibit higher saturation currents than untreated ZnO TFTs.
This leads to the higher mobility value noted above.
To investigate the electrical stability of our ZnO TFTs,
the transfer characteristics were re-measured over time.
Figures 4(a)–4(d) show IDS versus VG curves as a function of
hydrogen plasma treatment time at a fixed VDS of 50V. The
VG sweep was repeated four times, consecutively (0.5V/s).
One interesting result from this experiment is that the large
positive shift of VTH (17V) and hysteresis in the reference
device can both be largely eliminated by appropriate hydro-
gen plasma treatment; again the optimum plasma processing
time is 15min (Fig. 4(c)). We have also repeated these meas-
urements after 30 days, using the same devices stored in air.
The results are depicted in Figures 5(a)–5(d). The trends of
the sets of data are quite similar to those shown in Fig. 4.
Data extracted from Figs. 4 and 5 are re-plotted in Figure 6
to reveal changes in the important device characteristics as a
function of plasma treatment time and measurement
sequence: Fig. 6(a)—threshold voltage; Fig. 6(b) hysteresis
(difference in VTH) between forward and reverse voltage
scans (VTHFVTHR); and Fig. 6(c)—field effect carrier
mobility.
The subthreshold swing (SS) for our devices can be
related to the interface trap density, Dit, by the expression
15
SS ¼ qkBT Nsstch þ Ditð Þ
Ci log eð Þ ; (2)
where Nss is the density of bulk traps and tch is the thickness
of the channel layer. Table I lists the values of SS and Dit
obtained from the transfer characteristics shown in Figs. 4 and 5.
The calculations were based on the assumption that NSStch
 Dit. Figures are given from the first measurement of each de-
vice for different plasma processing times (1st set of data from
Fig. 4, measurement sequence 1) and compared with the data
measured from the 3rd scan following 30 days storage in air (3rd
set of data from Fig. 5, measurement sequence 7). In each case,
the value of SS was obtained from the forward scan in the re-
spective transfer characteristic. It is evident from Table I that (i)
for each device, Dit does not change very much over a period of
FIG. 3. Output characteristics (IDS
VDS curve) of (a) reference, (b)
10min, (c) 15min, and (d) 30min
plasma treated ZnO TFTs.
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time and (ii) Dit is minimized for the device that had been sub-
jected to plasma processing for 15min.
The key observations from our experiments can be sum-
marized as follows:
(i) the hydrogen plasma treatment can reduce significantly
the hysteresis in the transfer characteristics of our TFTs;
(ii) the plasma treatment can enhance the field effect
mobility;
(iii) the plasma treatment virtually eliminates the positive
voltage shift in VTH with repeated measurements; and
(iv) there is an optimum plasma treatment time, approxi-
mately 15min in our study.
A further phenomenon is the slight negative shift in VTH
(2.1V to 5.1V) following plasma treatment for 15min,
which is also seen in the reference device on exposure to air
for a prolonged time (2.1V to 5.7V).
FIG. 4. Transfer characteristics of ZnO
TFTs treated with hydrogen plasma for
(a) 0min, (b) 10min, (c) 15min, and
(d) 30min as a function of measure-
ment sequence.
FIG. 5. Changes in the transfer charac-
teristics of ZnO TFTs after 30 days.
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Environmental effects are important factors in determin-
ing the stability of many TFTs. The adsorption and absorp-
tion of molecules, such as oxygen or water, can degrade the
device performance. This problem is exacerbated by long ex-
posure times to the atmosphere.16,17 Several studies have
investigated the use of various passivation methods to
improve the TFT stability.16,18 Following 30 days exposure
to air, the threshold voltage of our reference device shifts in
the negative VG direction, from 2.1V to 5.7V. However,
after 15min of hydrogen plasma treatment, the correspond-
ing change is from 5.1V to 5.6V, as shown in Fig. 6(a).
These results can be explained by the effect of water mole-
cules present in the environment. The ZnO active layer used
in this study is likely to contain a relatively large number of
OH groups, compared with ZnO films fabricated at high tem-
peratures. While the device is exposed to the atmosphere,
OH groups at the ZnO/SiO2 interface interact with positively
charged water molecules, leading to the formation of a
region of electron accumulation. Therefore, we suggest that
the shift of VTH in the negative direction for the reference
device after 30 days can be attributed to the attraction
between water molecules in the air and OH groups in the
film according to the reaction
H2O! H2Oþ ðadÞ þ e: (3)
After the transfer characteristic had been measured four
times, the threshold voltage for the reference TFT increases
significantly, as noted previously, by about 17V. This positive
shift is reversible, with VTH almost returning to its initial value
after 30 days, but, if the measurements were re-started, the pos-
itive shift in VTH is again observed. Exposure to the hydrogen
plasma for 15min virtually eliminates this positive shift in
VTH. Moreover, as shown in Fig. 6(b), the average difference
between the forward and reverse scans is approximately 1V
for the 15min plasma treated ZnO TFTs, which is very small
compared with the reference device, where the hysteresis
exceeds 10V. These values do not vary very much with time.
The hysteresis and VTH shift in our reference TFTs can
also originate from unreacted OH groups in the ZnO film.
On application of a positive VG for the reference TFT, the
OH groups in the vicinity of the semiconductor/insulator
interface can trap electrons, causing a lowering of the effec-
tive gate bias and resulting in a smaller current flowing
through the channel. Consequently, a larger positive voltage
is required for the device to turn on. Jeong et al.19 have
reported that excess OH groups can be removed in the form
of H2O by heat treatment at 500
C, leaving oxygen vacan-
cies. The reaction is
Zn   OHþ Hþ ! Znþ þ H2O " : (4)
We suggest that our hydrogen plasma treatment produces
similar effects. The plasma processing is therefore a promis-
ing method for enhancing dehydroxylation/dehydration reac-
tions, which could lead to a low temperature process, and
resulting in TFTs with excellent electrical properties. It has
also been noted that oxygen vacancies, which act as n-type
donors, play an important role as a source of charge carriers
in oxide semiconductors.20 The carrier trapping associated
FIG. 6. Comparison of changes in the (a) VTH, (b) the VTH difference
between forward and reverse scans (VTHFVTHR), and (c) mobility of ZnO
TFTs as a function of the measurement sequence for the various plasma
treatment times.
TABLE I. Subthreshold swing (SS) and interface trap density (Dit) for ZnO TFTs treated with hydrogen plasma for different times.
Plasma treatment time 0 min 10 min 15 min 30 min
Measurement sequence 1st 7th 1st 7th 1st 7th 1st 7th
SS (V/decade) 0.48 0.44 0.29 0.25 0.19 0.16 0.34 0.30
Dit (eV
1cm2) 1.91 1012 1.75 1012 1.15 1012 9.94 1011 7.56 1011 6.36 1011 1.35 1012 1.19 1012
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with the polar OH groups will also reduce the electron mo-
bility in the TFTs.6,21 The negligible hysteresis and small
VTH shift in the transfer characteristics after 30 days for the
15min hydrogen plasma treated TFTs indicate that the
hydrogen plasma treatment might also passivate the semi-
conductor/insulator interface, helping to prevent degradation
of the electrical properties when the devices are exposed to
air for a long time. This is confirmed by the relatively low
value of Dit measured from the subthreshold swing following
15min of plasma processing (Table I).
Figure 7 shows a model based on our experimental obser-
vations. This indicates the possible interactions occurring
between Zn-O-H and the hydrogen ions in the plasma. When a
ZnO film is formed by solution processing, a high density of
unstable Zn-O-H may be present throughout the film, as
depicted in Fig. 7(a). The OH groups act as electron trapping
sites, leading to a decrease in the effective number of carriers
and to a reduction in the carrier mobility. This accounts for the
large hysteresis in the transfer characteristics of our reference
TFTs. However, after hydrogen plasma treatment, the unstable
Zn-O-H groups react with hydrogen ions, releasing H2O and
creating oxygen vacancies. Although the devices are not inten-
tionally heated during exposure to the plasma, we suggest that
there is sufficient energy available during the processing to
remove any water molecules from the ZnO layer. As no bias is
applied to our samples during the plasma treatment, we suggest
that the plasma hydrogenation processes occur via a diffusion
mechanism. In our experiments, the optimum plasma process-
ing time is 15min. We propose that longer exposures lead to
accumulation of hydrogen within the TFT structure, resulting
in deterioration of the electrical performance of the transistor.
IV. CONCLUSION
Zinc oxide thin film transistors have been prepared by
solution processing and low temperature annealing at
140 C. The devices were subjected to a post-deposition
atmospheric hydrogen plasma treatment, which appeared to
influence the dehydroxylation/dehydration of the solution-
processed ZnO films. Two benefits were evident: an
improvement in the transistor electrical properties and a lon-
ger term passivation effect. Devices with field effect mobili-
ties of 1.4 cm2/Vs, an on/off ratio of 107, a threshold voltage
of 5V, minimal hysteresis in the transfer characteristics,
and good stability over several weeks’ exposure to an air am-
bient were achieved. These results suggest that ZnO transis-
tors with useful electrical performance can be manufactured
by solution processing followed by an appropriate, low-
temperature post-deposition processing.
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